A B S T R A C T Increased vascular permeability characterizes lung injury pulmonary edema and renders fluid balance in the injured lung especially sensitive to changes in hydrostatic pressure. Pulmonary edema is often associated with increased sympathetic nervous system activity which can lead to pulmonary venoconstriction. This postcapillary venoconstriction could raise microvascular pressure and might therefore increase edema in the injured lung. We produced lung injury edema in dogs with oleic acid and directly measured small (<2 mm) pulmonary vein pressure. We found that the small pulmonary vein pressure was increased from 9.8±0.5 mmHg to 12.6±0.5 mmHg (n = 10) by oleic acid injury edema. The increase was not due to a rise in left atrial pressure since the small pulmonary vein-left atrial pressure gradient also increased. To test if this increase in the postcapillary pressure gradient was sympathetically mediated, we either unilaterally ablated the stellate ganglion or produced unilateral alpha adrenergic blockade with phenoxybenzamine before giving oleic acid. Both of these "antisympathetic" interventions prevented the increase in pulmonary vein pressure caused by oleic acid edema in the protected lung but not in the intact contralateral lung. These interventions produced a 30±6.8% reduction in the amount of edema caused by oleic acid. Restoring the increase in small vein pressure by inflating a balloon in the left atrium of dogs with bilateral stellate ganglion ablations abolished the reduction in edema produced by antisympathetic treatment. However, the decrease in edema was not significantly correlated with the reduction in pulmonary vein pressure. Thus, the mechanism of the effects of these antisympathetic interventions remains unclear. We conclude that lung injury edema causes sympathetically mediated pul-
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INTRODUCTION
Pulmonary edema due to lung injury is characterized by increased vascular permeability (1) (2) (3) . This increased permeability not only promotes edema formation by reducing the oncotic gradient that normally acts to keep fluid within the vascular compartment (1) (2) (3) (4) (5) , but also causes a dramatic increase in the rate of transvascular fluid flux in response to increased hydrostatic pressure gradients (2) (3) (4) (5) (6) (7) (8) . Thus, edema can be caused by much smaller increases in microvascular pressure in an injured lung than in a normal lung with intact permeability (1, 2, (6) (7) (8) (9) .
Pulmonary edema is associated with increased sympathetic nervous system activity (10) (11) (12) (13) (14) . Increased sympathetic activity can lead to systemic and pulmonary vasoconstriction (10, 12, 15, 16) . In particular, pulmonary veins have been shown to constrict in response to sympathetic nervous system stimulation (17) (18) (19) (20) and to circulating catecholamines (17, (20) (21) (22) (23) . If pulmonary venoconstriction occurred in the setting of lung injury edema, the resulting increase in microvascular pressure, even if small, might significantly contribute to edema formation, since fluid balance in the injured lung is especially sensitive to changes in microvascular pressure. Previous studies have shown significant reductions in lymph flow (6, 7, 24) or extravascular lung water (25, 26) even with small reductions in microvascular pressure in a setting of lung injury edema.
Therefore, we carried out a series of studies designed to test the hypothesis that lung injury edema leads to sympathetically mediated pulmonary venoconstriction that increases microvascular pressure and contributes significantly to edema formation.
METHODS

Protocol
In chloralose-anesthetized ( Stellate ganglion ablation (n = 5). Either the right or the left stellate ganglion of the sympathetic chain was identified at thoracotomy in the posteromedial portion of the thorax at the level of T1 and widely ablated under direct vision with disruption of the sympathetic chain and cardiothoracic nerves. Since there is both contralateral and ipsilateral sympathetic innervation of the lung this probably produced a functional unilateral rather than a complete anatomic sympathectomy.
Alpha blockade (n = 5). Phenoxybenzamine (SmithKline & French Laboratories, Philadelphia, PA), 0.05 mg/kg, was given by slow infusion directly into either the right or the left pulmonary artery by fluoroscopic direction of the infusion catheter. Localized alpha adrenergic blockade produced by infusion of phenoxybenzamine has been previously used in the systemic circulation (29) . Phenoxybenzamine produces alpha blockade by avidly and tightly binding to the alpha receptor by alkylation (30) . This may explain its ability to produce a blockade that is most intense at the site of administration. This differential blockade was demonstrated in the present study by prevention of the rise in small pulmonary vein pressure in response to stellate ganglion stimulation (this response has previously been shown to be alpha adrenergically mediated [17] ) on the side of the infusion and the preservation of this response in the contralateral lung. Before infusion of the phenoxybenzamine, the small pulmonary vein constriction in response to 2 min of supramaximal ipsilateral stellate ganglion stimulation (20 V, 2 ms duration, 20 Hz) was measured in each lung and expressed as the increase in the small pulmonary vein to left atrial pressure gradient. 1 h after the phenoxybenzamine infusion, blockade was tested by repeating the stellate ganglion stimulation of each lung. Only animals in which there was a 75% inhibition of the small pulmonary vein-left atrial pressure increase in the lung infused with phenoxybenzamine and a <25% decrease in the constrictor response of the contralateral lung were considered to have successful unilateral alpha blockade. Thereafter, adequacy of blockade was periodically tested by briefly (1 min) control animals. Pulmonary artery pressure increased after oleic acid and this increase was greater than could be accounted for by the increase in pulmonary vein pressure.
The increase in the small vein pressure and PV-LA gradient after oleic acid could be prevented by either unilateral stellate ganglion ablation or by unilateral alpha blockade with phenoxybenzamine (Fig. 3) . Both of these antisympathetic interventions also produced a decrease in the amount of edema caused by oleic acid. We defined edema as the increase in extravascular lung water caused by oleic acid. This amounted to a 30.2±6.7% decrease with stellate ganglion ablation and a 29.5±12.2% decrease with alpha blockade (Fig. 4) . The amount of edema correlated with the small pulmonary vein pressure when all oleic acid-treated lungs were compared (Fig. 5) (17) , histamine (17, 22) , prostaglandin e groups. Final blood F2a (17), ice-water immersion (18) , aortic chemorearterial Po2 and an ceptor stimulation (19) , serotonin (22) , acetylcholine he oleic acid-treated (22) , and endotoxin (33) . In vitro studies of pulmonary not different between veins have demonstrated similar responses (17, 22, 34 to histamine (21) , norepinephrine (20, 21) , and epinephrine (20) by the outflow occlusion technique measurement of vascular resistance changes. In addition, lymph flow studies have reflected increases in microvascular pressure due to constriction of "downstream vessels"-presumably pulmonary veins, in response to endotoxin (7), norepinephrine (23), serotonin (35) , arachidonate (36), cyclic endoperoxides (37), and histamine (38) .
Responsiveness of the pulmonary veins to sympathetic stimuli seems well established. Anatomic studies have demonstrated sympathetic innervation of the veins (32) . Pulmonary veins have been shown to constrict to a variety of sympathetic stimuli. Kadowitz et al. (17) demonstrated constriction of intralobar pulmonary veins (2-3 mm diam) to stellate ganglion stimulation by direct pressure measurements. The constriction was prevented by alpha adrenergic blockade. Stern and Braun showed increases in directly measured pulmonary vein pressure in response to ice-water immersion (18) and in response to aortic chemoreceptor stimulation (19) . Both these responses appeared to be sympathetically mediated. Maron and Dawson (20) and Peterson et al. (39) showed venoconstriction in response to elevated intracranial pressure (20) and Sugg et al. (40) showed increases in small pulmonary vein pressure in a hemorrhagic shock model. In addition, as already mentioned, pulmonary veins respond to circulating catecholamines as well (17, (20) (21) (22) (23) .
Sensitivity of the injured lung to changes in hydrostatic pressure is shown by the correlation between small vein pressure and extravascular lung water (Fig.  5 ) and the steep relationship between excess lung water (i.e., edema) and vein pressure (Fig. 6) . The sensitivity of the injured lung to hydrostatic pressure changes has been demonstrated previously in sheep treated with Pseudomonas (6), endotoxin (7), and intravenous air emboli (8) ; and in dogs treated with oleic acid (9, 26) , alpha napthyl thiourea (7), or acid aspiration (5 reduced the measured small vein pressure to the level of the wedge pressure. The larger the artery that is occluded during the wedge pressure measurement, the less likely it is that the wedge pressure will reflect changes in small vein pressure.
It seems probable that the increases in small vein pressure that we observed reflect increases in venous resistance. Sympathetic nerve stimulation has been shown to increase small vein pressure by increasing resistance when measured in isolated perfused lobes with constant flow (17) . In our experiments, cardiac output decreased in the oleic acid-treated animals.
Therefore, we expect that any pressure increases reflected true resistance increases. We did not measure blood flow to each lung. Our pressure measurements might have been influenced by redistribution of blood flow between the lungs. However, pulmonary blood flow is typically diverted away from severely edematous lung regions (41, 42) which would tend to lower the pressure gradients, whereas we observed pressure gradient increases in the more edematous lungs. Therefore, it seems unlikely that the increase in small vein pressure we observed in the more edematous lungs was due to an increase in flow. In fact, the pressure increases probably underestimate the actual resistance change in the intact, and therefore, more edematous lungs which probably have less blood flow. Similarly, the resistance change in the antisympathetically treated, less edematous lungs would, if anything, be overestimated.
While antisympathetic treatment appears to prevent the small vein pressure increase, it also appears that blockade need not be complete. Unilateral stellate ganglion ablation is not a total autonomic denervation of the lungs-there is remaining ipsilateral as well as contralateral innervation and our criteria for successful unilateral alpha adrenergic blockade allowed for up to 25% residual response to stellate ganglion stimulation. However (46) and therefore might prevent the edemogenic effects of histamine as well. It is possible that the beneficial effect of antisympathetic treatment was due to one or both of these mechanisms or other non-pressure-mediated effects. The resultant decrease in edema could then produce the observed decrease in pulmonary vein pressure. The experiments in which we mechanically elevated left atrial pressure after stellate ganglion ablation suggest that the hemodynamic effects of the antisympathetic interventions (stellate ganglion ablation and alpha blockade) could account for most of the observed decrease in the edema. We found that raising the vein pressure reversed the beneficial effect of bilateral stellate ganglion ablation.
In conclusion, pulmonary edema due to lung injury with oleic acid caused sympathetic, alpha adrenergically mediated pulmonary venoconstriction in small pulmonary veins. The resulting microvascular hydrostatic pressure increase, although small, significantly contributed to the amount of edema (Fig. 7) 
